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The recently discovered carbon allotrope GDY possesses rich acetylenic bonds and unique pore structures,
prompting GDY as an ideal candidate, tuning its electronic structure by introducing heteroatoms,
broadening its usage in catalysis, energy storage and other fields. In this paper, we review different
approaches to introduce heteroatoms into GDYs, including monodoping and co-doping, predesigned
bottom-up synthesis of GDY, the anchoring of metal atoms into GDYs. Furthermore, we introduce the
electronic properties’ modification caused by these heteroatoms, including reduced diffusion barrier and
adsorption energy, abundant active sites, high reversible capacity and cyclic stability, better rate
performance and longer lifespan. Furthermore, the topological molecular structure of GDYs can be tuned

through bottom-up synthesis methods with different monomers. GDY has great prospects for inclusion in
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Accepted 4th July 2021 energy storage devices such as sodium-ion batteries, lithium-ion batteries, lithium/magnesium sulfur

batteries, and in electrocatalytic processes such as hydrogen evolution reactions, oxygen reduction
DOI: 10.1039/d1ta03634c reactions, and electrocatalytic nitrogen reduction reactions in important industrial reactions. At the end of

rsc.li/materials-a this review, challenges and prospects of heteroatoms' introduction into GDY are discussed.
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Fig. 1 (a) Schematic illustration of heteroatoms in GDY. (b) The charge density plots of acetylenic bond in GDY, (D: donor, A: acceptor). (c)
Electrostatic potential maps of pristine GD, Ni/GD, and Fe/GD, respectively.” Copyright 2018 Springer Nature Limited. (d) Structural sketches of
atomic-scale nitrogen-doped GDY based on the monomer design strategy.”® Copyright 2020 American Chemical Society.

unique electronic structure and porous structure, and more
importantly, mild preparation conditions and excellent adapt-
ability to various substrates for growth, GDY has quickly
become a research hotspot.’*** Researchers have applied GDY
in various fields, including lithium-ion batteries, catalytic
converters, solar cells, and electrochemical drives, and have
obtained remarkable results.>***

Earlier studies show that the inherent properties of two-
dimensional (2D) materials can be altered by the introduction
of heteroatoms through doping. For example, the heteroatoms
of N, B, P and S in graphene can influence the activity of gra-
phene by changing bandgap, spin and charge distribution.**->*
Compared with graphene, GDY has higher chemical activated
carbon-carbon triple bonds, which may provide greater
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possibilities for the introduction of heteroatoms.***® While sp
and sp” all-carbon structures endow GDY with unique chemical
activity and physical stability,*” the inherent triangular pore
structure of GDY provides outstanding opportunities for
anchoring heteroatoms,®”* which can modify the structure and
properties of GDY. The charge distribution and pore structure
of GDY vary with the type of doped atom and sites, making it
possible to select and tune certain properties of GDY for the
applications of GDY-based materials in different fields, such as
catalysis and energy storage.”*””

Based on GDY's applications in catalysis and energy fields,
this review focuses on how to introduce heteroatoms through
different methods, including monodoping and co-doping by
leveraging the acetylenic bond-rich structure of GDY, the
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bottom-up pre-designed introduction of heteroatoms during
the synthesis of GDY, and anchoring of heteroatoms by taking
advantage of the molecular pores of GDY (Fig. 1a). Moreover, we
show the electronic structure of GDY is modified by different
forms of heteroatoms: the introduction of an electron donor or
acceptor in the acetylene chain would change the charge
distribution. The localized electron separation will induce the
attraction of electrophilic or nucleophilic substrates, which can
improve the catalytic performance (Fig. 1b). While the topo-
logical pores in GDY provide defined space for anchoring
heteroatoms. The introduction of metallic atoms in the trian-
gular hole of GDY would induce a strong charge transfer
between metal and GDY (Fig. 1c). Also, owing to the advantage
of the bottom-up synthesis approach for GDY, the heteroatoms
can be site-defined introduced. Then, the charge distribution
can be significantly tuned, increasing the catalytic activity
(Fig. 1d).”® Furthermore, we also discuss the challenge and
future direction in this field.

2. Heteroatoms induced tunable
electronic properties: theoretical
calculations

Understandings about the influence of heteroatoms on GDY at
the atomic level help researchers to design catalysts and energy
storage devices.””® Some theoretical calculations have been
carried out during the research to help researchers to interpret
the effects of different heteroatoms on the structure and
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electronic properties of GDYs, including their band gap,
hydrogen affinity and oxygen adsorption capability. For
example, in 2012, Bu et al. reported stable configurations and
electronic structures of GDY doped with boron and nitrogen
(BN-GDY) based on first-principle calculations (Fig. 2a). The
inhomogeneous w-binding in the sp-sp> hybrid carbon network
in GDY brings its natural band gap. When BN pairs are incor-
porated into the sp-sp” hybrid network, the inhomogeneous -
binding will increase, and the band gap will change accordingly.
BN combines ionic characteristics to localize electronic states
and facilitate band gap modification. The band gap of the BN
analogue of GDY is much wider than that of GDY. The tunability
of the GDY band gap has shown its potential in the application
of energy-related fields.*®

Through (DFT) calculations, the potential of doping B and N
atoms into GDY for metal-free electrocatalysts was systemati-
cally explored by Zhao et al.** Doped-GDYs exhibit extremely
high stability due to their high cohesive energy. Meanwhile, due
to their high electrical conductivity, preferred catalytic sites (sp-
hybrid dopants) and low free energy for carbon dioxide activa-
tion, the catalytic performance of GDY on CO,ER was enhanced.
The catalytic performance is highly dependent on the doping
site, where the hybridization of doped B and N atoms to the
acetyl site of GDY makes it have a low limit potential (approxi-
mately —0.60 V) when carbon dioxide is converted to methane
and (especially) ethylene. Therefore, by designing the doping
sites of B and N atoms, doped GDY can be utilized as an efficient
metal-free CO,ER catalyst, which provides a new path to
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Fig. 2 (a) The isosurfaces of the Kohn—Sham states of the VBM and CBM of GDY and the most stable nBN-GDYs with n = 2, 4, and 7 at the y
point. Copyright 2012 American Chemical Society. (b) Minimum energy pathways for H,, CH,4, and CO diffusion through N-GDY. (c) Diffusion rate
coefficient of H,, CH4 and CO permeation through the pores on N-GDY as the function of temperature (solid lines). The dashed lines are that for
pristine graphdiyne and are presented for comparison.®* Copyright 2015 The Royal Society of Chemistry.
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Fig. 3 (a) Left: top view of charge density difference for B-doped GDY:; right: optimized configuration for the best dioxygen adsorption on B-
doped GDY. (b) Structures of up left: single Fe atom; upper right: Fe atomic pair; left lower: Fes trimer and lower right: Fe, cluster anchored on
GDY substrate. The pink and aguamarine balls represent C and Fe atoms, respectively.®>°® Copyright 2020 Published by Elsevier B.V.

promote sustainable carbon dioxide conversion. In the same
year, Gu et al. reported the systematic exploration of the ORR/
OER electrocatalytic activity of GDY doped with N, B, P, and S
through the density functional theory (DFT) calculation
method.* The calculation results showed that the carbon atoms
near the N- and S-doping sites are favored for the ORR reaction
because of the modification on the charge dislocation, while
carbon atoms near N- and P atoms perform as the active sites
for OER owning to the high spin. Among them, the sp-N dopant
is significantly important for boosting the catalytic performance
in ORR, and also performs as the active site for OER. These
results can guide the researchers in a direction for discovering
new catalysts with high activity.

In 2015, Jiao et al reported that nitrogen-doped GDY (N-
GDY) can be used to purify hydrogen from CH, and CO,
whereby nitrogen atoms enhance GDY's hydrogen affinity. In
the process of hydrogen production by steam methane refor-
mation, N-GDY increases the diffusion barrier of CH,/CO while
decreasing that of hydrogen, which enhances the hydrogen
purification ability.®* This N-GDY structure shows better H,
selectivity and a higher H, diffusion rate because of a lower
diffusion barrier value, as shown in Fig. 2b. To quantitatively
describe the hydrogen purification performance of N-GDY, the
diffusion rate coefficient across a mono-atom layered nano-
mesh of N-GDY was calculated using the transition state
theory, as plotted in Fig. 2c, which demonstrated that N-GDY
nano-mesh has increased hydrogen purification capability.

In 2016, K. Chattopadhyay et al. applied dispersion force
corrected DFT to study boron-doped GDY (B-GDY). Based on the
comparison of their formation energies, the most favorable
sites for B doping of each structure were determined. After that,
the best configuration of di-oxygen (O,) adsorption is calculated
by analyzing the corresponding adsorption energies. It is found
that during the doping process, boron atoms tend to replace
carbon atoms in the benzene ring rather than the carbon atom
in the acetylenic bond. Moreover, as a doping site, boron atoms,
exhibit a more positive potential than carbon atoms. This can
effectively promote the adsorption of O, molecules and have
a beneficial effect on the electrocatalytic oxygen reduction
activity of GDY (Fig. 3a).”* This study also revealed that by
configuring the doping site, the oxygen reduction activity of
GDY can be adjusted.

Recently, He et al. studied the carbon dioxide reduction
properties of iron atoms anchored GDY by DFT.” As shown in
Fig. 3b, iron atoms are stably combined with the four carbon
atoms on the two sides of the GDY's triangular hole, and the
barrier of iron atoms moving to other positions is as high as
3.41 eV, which indicates that iron atoms will not aggregate when
anchored to GDY. It is also found that affinity to *CO, *CHO and
*OCHO can be tuned by varying the number of Fe atoms
anchored in GDY, which results in catalytic efficiency and
product selectivity for the CO, reduction reaction. Single iron
atom sites can effectively catalyze the production of CO,,
providing significant theoretical support for the design of
catalysts with precise atomic numbers in electrochemical

Table 1 Precursor and element, performance and parameter of doped GDYs

Year  Precursor/element Application

Performance Ref.

2014  NH;3/N ORR in 0.1 M KOH

4.5 mA cm 2 at 0.05 V vs. RHE 29

2017  Pyridine, NH;/N ORR in 0.1 M KOH 5.1 mA cm * at 0.2 V vs. RHE 104
2018  Melamine/N ORR in 0.1 M KOH  ~53 mA cm 2 at 0.2 V vs. RHE 105
2016  NH3/N Reversible capacity 761 mA h g ' at 500 mA g~ " after 400 cycles 107
2019  Pyridine/N Cyclability More than 350 h under a harsh working condition 108
2019 C1,/C1 ECNRR 10.7 pgh™' em™> 112
2019  Sublimed sulfur/s Magnetic Residual magnetization of more than 0.047 emu g~ at room 113
temperature
2019  Benzyl disulfide/s Capacity 500 mA h g ' at 500 mA g~ ' after 200 cycles 114
2019  Phosphoric acid/P Reversible capacity 637 mA h g”" at 500 mA g~ " after 400 cycles 116
2019  Melamine, dibenzyl sulfide/N, S  OER 47.2 mA cm™? at 1.6 V vs. RHE 118

This journal is © The Royal Society of Chemistry 2021
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reactions. The introduction of Fe atoms brought the highest
activity and selectivity for methane generation, which is supe-
rior to most catalysts reported so far. This study shows the great
potential to design the precise number of anchored atoms in
GDYs as catalysts for wider applications in electrochemical
reactions.

3. Heteroatom induced tunable
electronic properties: an experimental
approach

Heterogeneous atoms can control the local charge distribution
by donating/withdrawing electrons, and electron-orbital inter-
actions. According to different approaches in introducing
heteroatoms, this part can be divided into the following types.

3.1 Introduction nonmetallic heteroatoms by post-
treatment

Besides the theoretical calculations and research, as mentioned
in Section 2, researchers have used doped GDYs to address key
issues of reversible batteries and catalysis. For example, the
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unstable electrochemical interface in the anode and cathode
materials in lithium-ion batteries frequently leads to low battery
efficiency. In the research of supercapacitors, the wettability of
electrode surfaces is quite important. During the oxygen
reduction reaction (ORR) process, slow kinetics is the main
obstacle to achieving high performance.**™* After the intro-
duction of heteroatoms into GDYs through doping, the elec-
tronic structure and electron mobility of GDYs can be adjusted.
Molecular absorption/desorption, charge separation, and
surface chemical activity can also be significantly modified as
well. Herein, the precursor/element, performance, and param-
eters of doped-GDYs are summarized in Table 1. It can be
observed that the low-cost melamine was used as the nitrogen
source for doping on GDY and get the best comprehensive
performance for ORR. The prepared NFLGDY-900c has
a current density of about 5.3 mA cm 2 at 0.2 V in an alkaline
environment, which is close to the commercial Pt/C.

3.1.1 Mono-doping. Nitrogen-doped GDY (N-GDY) was one
of the earliest studied materials for GDY doping. Carbon atoms
substituted by nitrogen atoms have been proven to be a favor-
able and stable configuration. Nitrogen atoms can be doped
into the benzene ring and acetylene bond. The introduction of
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Fig. 4 Durability test of the (@) N'N-GDY and (b) commercial Pt/C for 5000 CV cycles in O,-saturated 0.1 M KOH. (c) LSV curves of N-GDY-
900 °C, N'N-GDY, and commercial Pt/C at 1600 rpm in O,-saturated 0.1 M KOH.*** Copyright 2017 American Chemical Society. (d) Synthesis of

sp-N-doped few-layer GDY. (e) Geometries of N atoms in NFLGDY. (f) Corresponding Koutecky—Levich plots (J~! versus w

~12) (g) Electro-

catalytic ORR activity of NFLGDY and commercial Pt/C in O,-saturated 0.1 M KOH. (h) Electrochemical characterization of NFLGDY and
commercial Pt/C for the ORR in O,-saturated 0.1 M HClO,4.*°* Copyright 2018 Springer Nature Limited.
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nitrogen atoms causes a change in the local charges distribu-
tion. The carbon atoms adjacent to the doped nitrogen have
higher positive charge density to counteract the strong electron
affinity of nitrogen atoms, thus promoting the ORR activity.”
The modified charge distribution will affect the ion/atoms
affinity, which can be used for ion storage.

3.1.1.1 N doping. In 2014, researchers introduced nitrogen
atoms into GDY (N-GDY) by annealing in an atmosphere of
argon and ammonia (10% NHj3) for the first time; this experi-
ment provided the theoretical framework for the experimental
verification of heteroatom-modified GDY.* As a metal-free
catalyst for high-performance ORR, this N-GDY exhibited
better stability and cross-effect tolerance compared to
commercial Pt/C catalysts. In 2017, Lv et al. continued to study
the ORR performance of N-GDY. Pyridine was mixed with GDY
to prepare N-GDY, which was then calcined in an ammonia
atmosphere to obtain N'N-GDY." The specific surface area of
N'N-GDY was as high as 1154 m* g™, and the porosity is good
for catalytic performance. Besides, the nitrogen content of N'N-
GDY is higher than that of N-GDY, which also brings more
defect sites and is thus extremely beneficial to the activity of
ORR. As shown in Fig. 4a and b, after the same accelerated
aging test, the half-wave potential of N'N-GDY exhibited
a negative shift of 19 mV, which is far less than that of Pt/C (35
mV), thus indicating that N'N-GDY is more stable than
commercial Pt/C. With an exception to this, the catalytic activity
of N'N-GDY for ORR is comparable to that of commercial Pt/C
catalysts (Fig. 4c).

The above research shows that N-GDY has good prospects in
the field of catalysis and that it is necessary to clarify the doping
configurations in the design and preparation of high-
performance catalysts. As is widely known, GDY possesses
rich acetylenic bonds. Therefore, it gives the possibility to
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design a chemical reaction for the site-defined introduction of
heteroatoms. In this case, in 2018, a new form of nitrogen was
introduced into GDY by precise synthesis. We introduced sp-
hybridized nitrogen (sp-N) atoms into GDY quantitatively at
a defined position through a pericyclic reaction and proposed
the reaction mechanism (Fig. 4d).'® First, the fragment
NHCNH, ", produced by pyrolysis of melamine, was anchored to
the acetylenic bond of GDY through a chemical reaction,
forming a five-membered carbon-nitrogen heterocyclic ring
(intermediate I, a product of step I). Then, the C1-C2 bond is
broken at high temperatures to form intermediate II. In the
third step, the high temperature breaks C3-C4 bonds to form
intermediate III. Finally, the fragment NHCNH" is separated
from the GDY system to form sp-N doped GDY (sp-NFLGDY-1)
under high-temperature thermal vibration. The sp-NFLGDY-2
can also be formed through similar processes due to different
adsorption sites and directions of vibration. The prepared sp-N
doped GDY was used in an oxygen reduction reaction. As shown
in Fig. 3e, there are various nitrogen-doping forms in NFLGDY,
the catalytic performance of sp-N doped GDY was improved
significantly. It can be seen from the Koutecky-Levich curve that
the ORR reaction is a first-order kinetic control reaction. From
the slope calculation, the electron transfer number of the
reaction is 3.9. This value is close to 4 electron reactions and
points to an efficient ORR reaction catalytic activity (Fig. 4f). The
catalyst exhibits excellent activity under both alkaline and
acidic conditions (Fig. 4g, h) and its methanol resistance and
stability are better than those of commercial Pt/C. This study
demonstrates that by carefully controlling the doping sites and
forms introduced into GDY, the electronic properties of doped
GDY can be tuned for catalysis purposes.

As a catalyst, the performance of GDY is close to that of Pt/C
catalyst under alkaline conditions and slightly worse than Pt/C
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Fig.5 (a) Optimized models of Li atom binding to N-GDY with different N-containing functional groups. (b) The Li plating/stripping efficiency of
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Schematic representation of N-doping process of GDY. (d) Cycle performance of N-GDY and GDY electrodes under 500 mA g~1.27 Copyright
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catalyst under acidic conditions. Taking all the experimental
data into consideration as well as the density functional theory
calculations, it was concluded in the study that the high cata-
lytic activity originates from the sp-N dopant. It is at this site
that O, adsorption is facilitated and electron transfer is carried
out on the catalyst surface. The addition of chemically defined
sp-N atoms paves way for a new route to develop high-
performance carbon-based catalysts incorporation with other
non-metal elements. The activity of the GDY-based catalysts in
acidic conditions is inferior to that in basic counterparts, which
is because the ORR activity on N-doped carbon materials is pH-
dependent. At low pH, the weak O, chemisorption on N-doped
carbon materials makes the O-O bond dissociation impossible
and the highly efficient 4e™ process gives way to the 2e™ process,
leading to decreased activity.'*

Nitrogen is introduced into GDYs not only for improving
electrocatalytic performance during ORR processes, but also the
performance of batteries such as zinc-air batteries and lithium
batteries, including high specific capacities, outstanding rate
performances, and long cycle life.*® Lu et al. in 2021 reported the
application of N-doped GDY with the stronger electropositive
property as a metal-free catalyst for zinc-air batteries, which
exhibits enhanced stability and polarization performance.**® In
2015, Huang et al. used GDY powder for efficient lithium
storage.” The rate capacity of lithium ions depends on the
migration speed of electrons and lithium ions in the electrode
and electrolyte. The conductivity of GDY is improved by
replacing carbon atoms on the linear atomic chain and benzene
ring with heteroatoms; the heteroatom defects and
electrochemically-active sites of GDY are increased to achieve
higher capacity.

As lithium metal is among the most promising anode
candidates for high-energy-density batteries, constructing
dendrite-free lithium metal anodes has become a promising
strategy for developing high-performance batteries based on
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high lithium affinity. While most common carbon nano-
materials have poor lithium affinity, the introduction of
nitrogen atoms into a carbon base can improve lithium
affinity.*® Therefore, the nucleation size and position of lithium
can be adjusted by introducing lithiophilic nitrogen-containing
groups into GDY to significantly inhibit the growth of dendritic
lithium."” In 2019, Jiang et al. prepared N-doped GDY nanowall-
modified copper foam (N-GDY) as a highly lithiophilic
substrate, and obtained a high-rate dendrite-free lithium
coating with high areal capacities.”® The model of binding
lithium atoms to N-GDY is shown in Fig. 5a. Lithium metal was
used as a counter electrode to assemble a semi-button cell, and
the lithium affinity of N-GDY was then tested by comparing the
nucleation overpotential of bare copper, GDY and N-GDY
foams. It can be seen from the results of coulombic efficiency
change in Fig. 5b that after 250 cycles, the coulombic efficiency
of the N-GDY electrode still exceeds 98%, in contrast, the
coulombic efficiency of the GDY electrode drops to 40% after
200 cycles, and the coulombic efficiency of the Cu electrode
drops to 68.7% after 50 cycles. This is due to the fact that
nitrogen in N-GDY has high binding energy with lithium atoms,
and as a lithiophilic site, it significantly promotes uniform
nucleation and deposition of lithium.

In 2016, Zhang et al. obtained N-GDY in a tube furnace filled
with NH; at high temperatures and applied it to lithium-ion
storage.'” They gave a schematic diagram of the possible N
doping sites, as shown in Fig. 5c. The local electronic structure
of GDY was changed by N doping, which resulted in enhanced
lithium-ion binding capacity. After 400 cycles at a current
density of 500 mA g, the reversible capacity of the N-GDY
electrode was 761 mA h g~". This capacity is higher than that
of GDY (559 mA h g~ ') (Fig. 5d). In 2018, Shen et al. used N-GDY
prepared by the same method as the electrode material for
lithium-ion and sodium-ion capacitors.'* N-GDY exhibits super
capacitance performance, good rate capability and excellent

sy o s -
Al SGDY  nlfl
H hg SO 1 oy sf v )
i .~:\:u »‘\:n‘h, A3« ‘~:):hh
ol T YU o s 1 N el W e
o o S A P @ | $E2 WP goigd, o SN ST
e B ol o A N AL
§ oty ¢ Improved EEeTIS M wSi I 2k
ol e e el R ) ‘1‘;;_\\ § G4
8., I AR Sl BY ARLN b S
§ TSegdg et N 5 ;:.U‘\ P o Priys o1,
§ oA, ¢ Li'Storage T &S0 o Gl ¢
R B B¢ O T T Tt
85 S AP & | L0 SR FUN 28 & S 2P0 & ]
B o Lt 38 2 g% i e By
|t E 3 W f b 0t
Yo & & | VR
A =3 89 4
d : d 2000
:9000' o @ S-GDY charge/discharge = 50mA g’ ,;e..n 500 mAg" <
“HV . [ s T ( J / Q
0 o o GDY charge/discharge B fagon00i® a0y ang0000t T Rsagee9 00,0l 00 s s - 100>
<1500 21500 96.7% inaverage Lo|  © % 99.6% inaverage L.| %
£ .. £ E L e B
g ° "‘Alg' , , , . s @ & S-GDY chargeidischarge ﬁé < 800 @ @ S-GDY charge/discharge )2
‘?l()[)()-",gss :]0 i f i ! H 0, ‘élOOU @ o GDY charge/discharge S 3 @ 0 GDY charge/discharge %
] 898' 000 00 ! ' i el b = i’ 2 2 50 o
-3 ! '34’99# { ' ‘e 3 e £ Z =
8 so0l.28 : : 80080, 1000 ; s g S a0 ]
o 500reeS$8800g, .40 ) 0 992000 ;30000 & - bs 2 & hbs £
2 h 00000, o 98009 L g 3 R 2
A I o w21 £, S 5
3 10 e 20 30 0 10 20 30 40 50 50 100 150 200
n Cycle number Cyele number Cycle number

Fig.6 (a) Schematic illustration of the preparation process of SGDY. (b) Illustration of the proposed diffusion of Liions in GDY and S-GDY. (c) Rate
performance of S-GDY- and GDY-based electrodes. (d and e) Cycle performance of S-GDY- and GDY-based electrodes under 50 and

500 mA g1 Copyright 2019 Wiley-VCH.

19304 | J Mater. Chem. A, 2021, 9, 19298-19316

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1ta03634c

Published on 13 July 2021. Downloaded on 6/29/2024 10:25:32 PM.

Review

cycle stability due to its three-dimensional porous channels,
increased number of active sites, and better electrical
conductivity.

3.1.1.2 Other elements doping. Besides nitrogen, other
elements are also introduced into GDY in order to improve their
electronic properties for certain applications. For example,
chlorine is introduced into GDY to improve activity, selectivity
and stability for nitrogen reduction reactions (NRRs). As is
widely known, nitrogen fixation is an important step towards
global sustainable development,'® and carbon-based metal-free
catalysts have been proposed to be a potential candidate for
electrochemical nitrogen fixation."** Doping of Cl atoms is re-
ported beneficial to the reduction of N,, which mainly plays the
following two roles: (1) redistributing electrons to adjacent
carbon atoms, thus affecting the charge distribution of adjacent
carbon atoms; and (2) fine-tuning the active sites of GDY,
leading to the potential function with N, during the electro-
catalytic NRR measurements. Therefore, chlorine-doped GDY is
a feasible electrocatalyst for nitrogen fixation. In 2019, Duan's
team prepared chlorine-doped ultra-thin GDY (Cl-GDY) through
the Cl, corrosion method."” It was suggested that chlorine not
only serves as a doping element but also etches GDY into thin
slices in the reaction process. The carbon-carbon triple bond is
the active site of N, activation and reduction, and the acetylenic
bond will break when Cl, is treated at high temperature, thus
forming Cl-GDY (Fig. 5e and f). The free energy during the N,
reduction process is shown in Fig. 5g and is derived through the
DFT calculation. It can be seen that the limiting step is the first
proton-coupling electron transfer to N,. After Cl doping, the
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formation energy of HNN* decreases by 0.11 eV, which indi-
cates that Cl doping is beneficial for the reduction of N,.

Sulphur atoms are also introduced into the carbon skeleton
as it is beneficial for effective interaction with electrolyte ions
and improves lithium affinity and conductivity. In 2019, Zhang
et al. prepared sulfide GDY (SGDY) and studied room temper-
ature ferromagnetism of SGDY semiconductors." In the same
year, Yang et al. used benzyl disulfide (BDS) as a sulfur source to
synthesize S-GDY (Fig. 6a)."** The sample they prepared had
only one type of S atom in the form of a C-S-C bond, which
could provide a more heteroatom defects and active sites. This
S-GDY is used in lithium-ion batteries to improve their storage
capacity (Fig. 6b). When the current density is between 50 and
2000 mA g, S-GDY presents better reversible capacity and rate
capability than non-doped GDY (Fig. 6¢). At a current density of
50 mA g ', the capacity of the S-GDY electrode is about
810 mA h g~ ! after 50 cycles. At a current density of 500 mA g™ *,
the capacity of the S-GDY electrode also reaches 500 mA h g~*
after 200 cycles (Fig. 6d and e). Through chemical modification,
heteroatoms are covalently bonded to carbon atoms without
introducing other impurities. This structure also provides
inspiration for the design of high-performance lithium/
magnesium-sulfur batteries, wherein S-doped GDY can be
applied as a compatible cathode.

The introduction of phosphorus in the carbon material is
beneficial to form a thin and dense solid electrolyte interface
layer on the carbon surface, thus improving the electrochemical
properties.'** Shen et al. prepared phosphorus-doped porous
GDY (P-GDY) by calcination and applied it to lithium-ion
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storage.”® Due to the low electronegativity of P atoms, its
doping in GDY will cause the charge to be biased towards C
atoms. DFT calculations show that P-doping has a more stable
configuration at the benzene ring (Fig. 7a). P-doping in the
lattice of the carbon material will cause the carbon structure to
become highly distorted and it will form many open edge sites
and wrinkles. This will lead to a further increase in the porous
structure of P-GDY, which in turn facilitates the storage and
transfer of alkali metal atoms. As marked in Fig. 7b, Li atoms
can be adsorbed above the center of the benzene ring and the
butadiyne sites of P-GDY. In addition, Li atoms may be adsor-
bed near the phosphorus oxygen groups. The doping of P is
beneficial to stabilize the embedded Li atoms in P-GDY, thus
improving the capacity of the battery. Under a current density of
500 mA g ', the capacity of the P-GDY electrode was
637 mA h g~ " after 400 cycles (Fig. 7c). Therefore, doping using
phosphorus is also an effective method for improving the
electrochemical performance of carbon-based materials.

3.1.2 Co-doping. During the development of metal-free
catalysts, dual-element-doped carbon nanomaterials are
demonstrated to be efficient in catalyzing two key chemical
reactions: ORR and oxygen evolution reaction (OER) in regen-
erative fuel cells and metal-air batteries after N-S, N-Cl, N-B,
and N-P co-doping are carried out for carbon nanomaterials.
Different from monodoping, two or more heterogeneous
elements introduced into carbon materials will result in
a synergic effect on improving the catalytic performance. A
synergistic effect will occur within a certain distance between
the codopants. For example, after N and S are introduced into
a carbon nanomaterial, a strong synergistic effect is observed
when the distance between N and S is generally not more than
7.5 A" Moreover, an activity descriptor can be established to
correlate doping structures to catalytic activities, which can be
used for the rational design of new bifunctional catalysts."**

View Article Online

Review

As a continuation of the aforementioned work carried out by
our research team, we further introduced sulfur atoms and sp-N
atoms into GDY to improve catalytic performance for OER. We
then analyzed the relationship between the stereoscopic
distance of S and N atoms and their synergistic effects''®
(Fig. 7d). The introduction of sp-N can significantly reduce the
overpotential of the catalyst, while the introduction of S atoms
increases the current density of OER, bringing remarkable
catalytic activity and faster kinetics. The faster kinetics are re-
flected in the smaller Tafel slope of NSFLGDY-900 (with rela-
tively high concentrations of sp-N and S), as shown in Fig. 6e.
The synergistic effect of this dual doping and stereodefined
position resulted in the current density of GDY being higher
than that of GDY doped with a single N or S element (Fig. 7f)
and was even better than commercial ruthenium oxide
catalysts.

3.2 Introduction nonmetallic heteroatoms by a bottom-up
method

As discussed above, heteroatom-doped GDY exhibits excellent
catalytic and energy storage performance owning to their
modified electronic properties. However, the introduction
method still meets the challenge in the introduced site control.
Therefore, researchers have started to predesign how to intro-
duce heteroatoms into GDY to obtain specific electronic prop-
erties for different applications. For example, by taking
advantage of the ease of bottom-up chemical synthesis of GDY,
it is possible to introduce various heteroatoms to GDY,
obtaining different properties. By selecting suitable monomers
to conduct the coupling reaction, the pores of the obtained GDY
can be adjusted, giving great prospects for applications in the
field of energy storage. The monomer structures used for pre-
designed GDY are summarized in Table 2,12%1211241287130,132,133

Table 2 Macroporous structures of GDY prepared by different monomers
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Previous research showed that when GDY is used in ion
storage, the AB stacking mode of GDY will cause delayed ion
diffusion, however, its larger pore diameter is conducive to the
diffusion of ions in the material.™*® Therefore, it is possible to
increase the pore size of GDY by introducing heteroatoms to
allow smoother ion diffusion. At the same time, the introduc-
tion of heteroatoms enhances GDY's ion affinity, which is
beneficial for increasing battery capacity. The pore size of GDY
is regulated by controlling the monomer structure. Moreover,
lithium storage can be improved by regulating the number and
distribution of introduced heteroatoms."*

As halogen functionalization of carbon materials paves the
way to optimize the conductivity, band-gap, and morphology
properties of carbon materials due to the different electroneg-
ativities and atomic size of the halogen atoms, it has drawn
much attention recently."*® Next, we will review the pore struc-
ture and electronic properties of various GDY predesigned by
different monomers.

The introduced chlorine in the carbon structure enables
precise tuning of the molecule pore size and conductivity of the
carbon material."”*® In 2017, Wang et al. utilized a coupling
reaction to make 1,3,5-(trimethylsilyl)ethynyl-2,4,6-
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trichlorobenzene as a monomer to prepare chlorine-
substituted GDY and applied it to lithium-ion storage.”® As
shown in Fig. 8a, CI-GDY has a large hexagonal hole with an
effective hole diameter of 1.6 nm. It provides a channel for the
vertical diffusion of lithium ions. At the same time, the possible
intercalation of lithium on CI-GDY was studied by DFT calcu-
lation. Fig. 8b shows the four configurations when only one
lithium atom is intercalated. It can be seen from the binding
energy that in the CI-GDY system, the Li complex on the acet-
ylenic bond is more stable than that on the benzene ring, and
when additional Li is provided (configuration B1), the binding
energy is —1.39 eV, which indicates the stabilizing effect of CI
on Li atoms in an acetylenic bond. It can also be observed that
Cl is evenly distributed across the entire GDY planar 2D
network, generating more storage sites for Li ions. This has also
been verified by the experimental results. Moreover, the CI-GDY
film exhibits excellent capacity retention. When the current
density is 2 A g™, the reversible capacity reaches 500 mA h g™*
after 100 cycles (Fig. 8c), making CI-GDY a remarkable candi-
date for Li-ion batteries."’

Compared to chlorine, fluorine has an extremely high elec-
tronegativity, which can provide maximum charge polarization
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1 (f) Cycling stability at a current density of 2 A g~*. Copyright 2019 Wiley-VCH.

(g) XRD pattern and the schematic structure of F-GDY. (h) Diffusion barrier for the movement of K atom in F-GDY layers. (i) The cycle perfor-
mance of F-GDY at current densities of 1000 mA g~ 1121123 Copyright 2020 Wiley-VCH.
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to enhance energy-related electrochemical activity and stability.
At the same time, fluorination can improve the mechanical
properties and wettability of carbon-based materials. Therefore,
doping of fluorine into GDY is expected to improve its electro-
chemical performance as a lithium storage material. In 2019,
Shen et al. used a bottom-up method to prepare fluorine-
substituted GDY (F-GDY) using a solvothermal method."** The
synthesis route of F-GDY is shown in Fig. 8d. The pore size
distribution of F-GDY is mainly 1.33 nm. Coulomb attraction
between carbon atoms and fluorine atoms leads to C-F semi-
ionic bonds, which enhances the conductivity. The existence
of C-F bonds can effectively enhance the mechanical properties
of the SEI film formed on the interface between the electrolyte
and electrode. When F-GDY is used as positive electrode
material in lithium-ion storage devices, the decomposition of
the electrolyte and the increment in the thickness of the solid
electrolyte interphase (SEI) membrane is greatly suppressed,
simultaneously increasing active sites and improving the rate
capability and cycle stability of the device. The rate performance
of F-GDY was found to exhibit superior rate capability and
stability (Fig. 8e), whereby as the current density returns to
0.2 Ag™*, the specific capacity returns to its initial value. Similar
to what has been observed with CIl-GDY, the substitution of
fluorine increases the pore size on the 2D plane of GDY and
improves the storage capacity of lithium ions (Fig. 8f).
Similarly, in 2019, Kang et al. prepared F-GDY by mixing and
annealing XeF, with GDY.*** Fluorine was doped in a benzene
ring and acetylenic bond. In addition to introducing a more
atomic defects and electrochemical active sites, the elastic
modulus of F-GDY is doubled in contrast to the pristine GDY
(7.92 for F-GDY, and 4.12 for GDY). This remarkable mechanical
change is helpful for improving the reversible capacity and
electrochemical stability of F-GDY during cycling. With F-DGY
as the cathode material of lithium-ion battery, the capacity
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reaches about 1080 mA h g~ " at a current density of 500 mA g~ *
after 600 cycles."”

The introduction of F into GDY helps to improve the elec-
tronic properties for applications in not only lithium-ion
batteries but also potassium ion batteries."*® Compared to Li
ions, K ions have a larger ionic radius, and the stable storage
and diffusion of K ions require the design of electrode materials
with regular channels, convenient diffusion channels, a large
volume of expansion space, and good interface compatibility.
Introducing F atoms into GDY may meet these requirements. In
2021, He et al. prepared F-GDY with a large aperture of 1.338 nm
and an interlayer spacing of 0.376 nm (Fig. 82).'*® The DFT
calculations show that energy barriers of K atom diffusion in the
F-GDY layer are 0.22 eV (in-plane) and 0.07 eV (out-of-plane),
which are lower than those for Li atom diffusion in many
carbon materials (Fig. 8h). F-GDY has good electrochemical
performance due to its aligned ion diffusion channels and good
interface compatibility. Lastly, the capacity of 120 mA h g~*
after 1800 cycles at 1000 mA g~ ' was achieved (Fig. 8i). These
findings provide new insight into the design of an electrode for
K ion batteries.'*

Besides the introduction of halogen elements into GDY as
discussed above, the introduction of hydrogen into GDY
(HsGDY) has also been experimented with to modify electrode
surfaces for Zn batteries.”**** Introducing hydrogen atoms into
benzene rings has the following advantages. Firstly, the
formation of a perfect w conjugated system generates the
semiconductor nature of HsGDY. Secondly, HsGDY has a large
six-membered ring with a theoretical diameter of 1.63 nm,
constituting the tunnels for Zn*>* transport together with the
microgaps between adjacent HsGDY microdomains. Thirdly,
the strong covalent bonds in the HsGDY network and the
formation of an integrated film give stability to the HsGDY to
eliminate the crushing of the slurry coating during the long-

0
Cross-coupling ¢ I
a w23 b E200 Zn@HsGDY  PureZn
o .@' '0\,‘ ai? S ~O~Charge ~O—Charge
Q. Cross-coupling :‘: : : ‘2 150 -2 Discharge Dischargei
1S N {‘ Cyclization & 3 - Falled after Worked stably even after
KL e “{ “ » ¢ HsGDY ¢ 2100 )  only 3280 cycles 50000 cycles \
.; C,Hg monomer .:.' ,:. é' gt 40Fhesarsnennte b
oo S 50
@.\’p‘..‘. ,-“ /‘ e § Zn-C Chemistry|
Alkynyl group @ &+— A o T T T ¥
b e 10000 20000 30000 40000 50000
Cycle number
d 5000 - € S0 -
PY-GDY 2000 mA g PM-GDY 2000 mA g
2400 524001
=
= e
< 18004 E 18004
E‘ o Charge z a
£'12004 « Discharge 2 12004 ¢ harge
'é. HAEHEEE ,§ « Discharge
= 1. ~
o 600 860 mAh g in average 600
650 mAh g" in average
0 ™ T . 0 T T T v
0 100 300 400 0 100 200 300 400

200 3
Cycle number

Cycle number

Fig. 9 (a) Schematic illustration of the synthesis of HsGDY. (b) Discharge and charge capacity retentions of Zn@HsGDY//C and Zn//C cells.***
Copyright 2020 Wiley-VCH. (c) Possible reaction pathways in the synthesis process of PY-GDY and PM-GDY. (d and e) Cycle performance of PY-
GDY and PM-GDY-based electrodes at the current density of 2000 mA g~1.12° Copyright 2018 American Chemical Society.

19308 | J Mater. Chem. A, 2021, 9, 19298-19316

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1ta03634c

Published on 13 July 2021. Downloaded on 6/29/2024 10:25:32 PM.

Review

term operation.” Therefore, Yang et al. chemically coupled
HsGDY and Zn electrodes (denoted as Zn@HsGDY) in 2020
(Fig. 9a),"* the purpose of which was to mediate the redistri-
bution of the Zn®" concentration field and fundamentally
eliminate Zn dendrites. Under a symmetrical structure, the life
of the Zn@HsGDY electrode is >2400 h, and it can remain stable
even at a commercial-grade cathode-loading mass of up to
22.95 mg cm™~ (Fig. 9b). It is utilized to solve the dendrite issue
faced by various metal batteries (such as those containing zinc,
lithium, sodium, or aluminum).

Research is carried out on the application of HsGDY not only
in Zn batteries but also in Li-ion, Na-ion, Li-S batteries and
reversible batteries. In 2017, He et al. used HsGDY in lithium-
ion and sodium-ion batteries. The results presented excellent
cycle performance, high reversible capacity, and superior rate
performance.”® In 2021, Kong et al. studied the performance of
HsGDY in Li-S batteries. The strong physical adsorption and
chemical anchoring of HsGDY material to LiPSs promoted the
conversion reaction of lithium polysulfides (LiPSs) and allevi-
ated the shuttle problem of LiPSs. As the carbon interlayer of Li-
S battery, this material shows excellent stability."*” In 2021, Ren
et al. prepared HsGDY with large micropores and micropore

View Article Online

Journal of Materials Chemistry A

density, which provides sites and channels for ion storage and
transmission.*®

Moreover, the qualitative and quantitative heteroatom
introduction can also be achieved using the specific monomer
by controlling the element type and content in the precursor
molecule structure. For example, in 2018, Huang's research
group used two different monomers to prepare pyrimidine-GDY
(PM-GDY) and pyridine-GDY (PY-GDY) to introduce N into GDY,
and used them as anode materials for lithium-ion batteries.**
As shown in Fig. 9c¢, both PY-GDY and PM-GDY prepared with
2,4,6-tris(trimethylsilyl)ethynylpyridine and 2,4,6-tris(-
trimethylsilyl)ethynylpyrimidine, respectively, possess a large
hexagonal pore structure, which has advantages for lithium-ion
storage. The cycle performance of the electrodes was verified
through experiments (Fig. 9d and e), where PY-GDY-based
electrodes exhibited a reversible capacity about 860 mA h g~
for 400 cycles at 2000 mA g ', and PM-GDY-based electrodes
obtained 650 mA h g~" for 400 cycles, with both electrode
materials presenting high coulombic efficiency. This excellent
performance originated from the high conjugation of the two
materials, the large number of doped nitrogen atoms, and
a uniform hexagonal pore structure.
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Besides, various attempts have been made by researchers to
co-dop different elements into carbon base to satisfy a specific
demand. Structural design, positioning doping, or multiple
doping are common methods used in improving the electro-
chemical performance of carbon materials in lithium-ion
batteries. Inspired by dual doping, dual-heteroatom-based
predesign is also an effective way to ameliorate the GDY struc-
ture. This method can not only control the substitution sites of
heteroatoms but also take advantage of the synergic effect
between different heteroatoms.

As carbon materials doped with H have a high theoretical
specific capacity, and fluorocarbons demonstrate high chemical
and thermal stability, weak intermolecular action and small
surface energy due to the strongest electronegativity of fluo-
rine.”* In a subsequent study in 2020, Lu et al. prepared H and F
co-doped GDY by mixing and coupling H-substituted and F-
substituted monomers."*® As shown in Fig. 10a, when the
molar ratio of the two precursors is 1: 1, the cross-coupling
reaction to prepare H;F;-GDY is performed on copper foil.
The main pore size of H,F;-GDY is 0.74 nm. The presence of H
element can effectively cause lithium ions to combine and
increase the lithium storage capacity. The existence of F
element improves the wettability of organic electrolytes, accel-
erates ion transfer, and improving battery stability. The authors
also investigated the influence of the surface structure of
materials with different H and F ratios on interfacial wettability
and diffusivity (Fig. 10b). The synergistic effect of the posi-
tioning co-doping at the ratio of H/F 1:1 is a significant
improvement in comparison with other ratios. The large
specific surface area and high porosity of the H;F;-GDY struc-
ture provide abundant ion transport channels and active sites
for lithium storage. Moreover, the unique porous network also
improves electrolyte permeability. A rough surface has been
found to be beneficial in reducing surface tension and
enhancing the diffusion of electrolyte, therefore improving its
stability as LIBs electrode material. A series of experiments
demonstrated that at a current density of 50 mA g ', the
capacity was maintained at 2050 mA h g~ even after 50 cycles
(Fig. 10c). At a current density of 2 A g™, the capacity remained
close to 96% after 3200 cycles (Fig. 10d), while in the case of
5 A g~ ', the capacity declined only by 23% after 8000 cycles
(Fig. 10e).

Table 3 Element, application and performance of anchored GDY
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In addition, introducing dual heteroatoms can also be ach-
ieved by using two monomers with different substitution posi-
tions. For example, one monomer has heteroatoms substituted
for hydrogen atoms on the benzene ring, and another monomer
has heteroatoms substituted for carbon atoms on the benzene
ring. In 2020, Gao et al. used a combination of two monomers
with different substitution positions to prepare doped-GDY
with a precise and controllable N/C atomic ratio.”** The pres-
ence of H atoms increases the pore size of GDY, while N in the
material exists in the form of pyridine-N. Pyridine-N is instru-
mental in the storage of lithium and sodium ions, and so the
material achieves significant lithium and sodium ion storage
capacity. This design can further explain the role that hetero-
atoms played in lithium/sodium ion storage. In addition, in
2018, Li's team successfully introduced triazine-like N cluster
into GDY through monomer design, which has high energy
density when used as electrode material of capacitor."** In order
to prepare 2D carbon nanofilms with molecular selectivity and
good compatibility with Nafion at any thickness, amino groups
have also been introduced into graphdiyne, and this aminated
GDY(NH,-GDY) has been successfully applied in fuel cells.***

3.3 Introduction of metallic atoms by anchoring

Single-atom catalysts possess high activity and selectivity, so
they have been widely used in many industries as heteroge-
neous catalysts. Zhang reported pioneering work on Pt;/FeO,
single-atom catalysts,"** SACs have been extensively studied in
computational simulation and practical applications. Atomic
catalysts (ACs) are expected to provide a key method to utilize
each metal atom. However, with the decrease of metal particle
size and the increase of surface free energy, metal atoms tend to
form clusters. Consequently, it is necessary to prevent this
aggregation while also maintaining the excellent catalytic
performance of single-atom catalysts. It is also important to
provide solid support to stabilize single atoms."** The unique
alkyne-rich structure endows GDY with many attractive prop-
erties, and the uniformly distributed pores make GDY an ideal
support for SACs with large binding energies to metal atoms.
Herein, the anchored element, applications, and performance
are summarized in Table 3 below. Both Mo- and Pd-GDY
possess good catalytic performance. For Pd-combined GDY,
the average yield of NH; can reach 4.45 & 0.30 mgyys Mgpg

Year Element Application Performance Ref.
2019 Mo ECNRR 145.4 pgnm, gm0 h 7! 137
2020 Pd ECNRR 4.45 & 0.30 mgyy, mgpq ' h™* 138
2021 Pd ECNRR 115.93 mgnm, gpa ~h " 139
2019 Pd 4-NP reduction reaction Rate constant k reaches 0.953 min~* 140
2019 Co-N ORR 4.01 mA cm ? at 0.2 V vs. RHE 141
2019 Fe-N ORR 5.4 mA cm™ > at 0.2 V vs. RHE 142
2020 Pd Hydrogenation properties TOF of 6290 h™, a selectivity of 99.3% at 100% conversion 143
2020 Ru HER Deliver 10 mA cm ™ at a low overpotential of 44 mV 144
2020 Fe CO,ER Calculation 145
2021 Ni/Cu CO oxidation Calculation 146
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h™'and 115.93 mg g " h™*, respectively. For Mo°/GDY, the yield
of NH; is 145.4 ug mg.,, " h™'. For the preparation of electro-
catalytic oxygen reduction catalysts, Fe- and N-GDY possess
good oxygen reduction performance. The prepared 1.5% Fe-N-
GDY has a current density 5.4 mA cm™ 2 at 0.2 V in an alkaline
environment.

The uniform pore structure and large binding energy to
metal atoms proffer GDY as an ideal carrier for single-atom
catalysts. This has been verified by He et al. on the transition
metal anchor sites on GDY."* Fig. 11a indicates that three
possible adsorption sites for transition metal atoms (TM): (1)
the TM atom is anchored in the center of a large triangle ring
(S1); (2) the TM atom is connected to four carbon atoms at the
corners of the acetylenic ring (S,); (3) the TM atom is located in
the benzene ring (S;). For the S; site, TM is easily transferred to
S,, which is unstable. For the S; site, the van der Waals force
between TM and the C atom cannot be stably anchored.
Therefore, the most stable and active position is the S, site. The
authors also calculated the binding energy between TM atoms
(from Sc to Zn and Pt) and a single GDY layer, as shown in
Fig. 11b. With the exception of Zn atoms, the binding energies
between the studied TM atoms and GDY are all negative, which
indicates that there is strong chemical adsorption between TM
atoms and GDY and that the diffusion of anchored TM atoms
from their stable position to another position is very difficult.’*®

As the synthesis of NH; with high selectivity and yield under
normal temperature and pressure still face many challenges,
atomic catalysts have many advantages and are expected to
become transformative next-generation catalysts. Hui et al.
studied the effects of electrocatalytic nitrogen reduction reac-
tions (ECNRR) and hydrogen evolution reaction (HER) of zero-

View Article Online
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valent molybdenum atoms (Mo°/GDY) anchored on GDY.'’
The experiment adopted anchor sites based on the C-C triple
bond interaction because this requires lower energy costs than
other locations. DFT calculations show that GDY anchors Mo°
atoms through strong p-d coupling (Fig. 11c). In the ECNRR
process, the rapid and reversible charge transfer between the
Mo site and the specific C site inhibit the forward HER process.
In 0.1 M Na,SO,, the yield of NH; can reach 145.4 ng
h 'mg... " and Faraday efficiency (FE) > 21% (Fig. 11d and e).
At the same time, Mo®/GDY can also drive efficient HER in non-
N,-saturated solutions. In 0.5 M H,SO,, Mo°/GDY showed
higher HER activity than commercial 20 wt% Pt/C (Fig. 11f and
g)‘137

In 2020, Yu et al. anchored zero-valent palladium (Pd) metal
atoms on GDY (Fig. 12a) with a two-way cross linear response
method™® and applied the obtained Pd-GDY catalyst in elec-
trocatalytic ammonia synthesis, obtaining a high selectivity and
ammonia yield. GDY has abundant chemical bonds, highly
conjugated 7 electron delocalization and pore structure. With
these characteristics, the researchers proposed a “metal ion
anchoring-electron transfer-self-reduction” zero-valent metal
stabilization process. Thereby realizing the incomplete charge
transfer between the metal atom and GDY, the number of
catalytic active sites is maximized, and the active components
are highly dispersed, resulting in the best catalytic effect. The
origin of the excellent catalytic activity of the sample was further
studied through calculation (Fig. 12b). The strong orbital
interaction between the Pd atom and the adjacent C site results
in the strong negative reduction characteristics of ECNRR. The
downward shift of the electronic structure of the s band is
caused by the elimination of the non-bonded lone pair N,-2s
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orbital by hydrogenation of N, inhibiting the HER process. In
both neutral and acidic environments, Pd-GDY exhibits excel-
lent selectivity, activity, and stability for NRR (Fig. 12c). Under
neutral conditions, this catalyst has a superhigh ammonia yield
(4.45 + 0.30 mgyy; mgpq * h™Y), which is nearly ten orders of
magnitude higher than the ammonia yield of the currently re-
ported nitrogen reduction catalyst, and at the same time, the FE
also reached 31.62 + 1.06%. Furthermore, in an acidic envi-
ronment, its catalytic activity also reaches 1.58 £ 0.05 mgyp,
mgpq 'h™" (Fig. 12d and e). In 2021, Guo et al. prepared Pd/
HsGDY with excellent electrochemical N, reduction perfor-
mance, including the Faraday efficiency of 44.45% and an NH;
yield of 115.93 mg g~ h™*.»%°

19312 | J Mater. Chem. A, 2021, 9, 19298-19316

In order to maximize the anchoring sites in GDY, the specific
surface area has to be increased by reducing the number of
layers of GDY. Therefore, few-layered GDY based on 2D mate-
rials are also used to anchor heteroatoms. In 2019, Li et al. used
graphene as a substrate to grow GDY, then anchored Pd atoms.
This was used as an efficient catalyst for aromatic nitro-
reduction."*® The existence of graphene (G) acts as an epitaxy
template to guarantee few-layered GDY synthesis, which
enhances the specific surface area and conductivity of the GDY/
G heterostructure due to its monoatomic layer and excellent
electrical properties, respectively.'*

The anchoring of metallic atoms into element-doped GDY is
also possible to enhance the catalytic activity. Research on the
application of transition metal and nitrogen co-doped GDY in
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catalysis has been carried out by some researchers. In 2019,
Wang et al. prepared Co, N co-doped GDY (Co-N-GDY).""* As
shown in Fig. 13a, N atoms occupy the C position at high
temperatures and become an effective active site for ORR and
HER. Moreover, there is a strong interaction between Co and
GDY that can improve the stability of the catalyst. Co atoms
form Co-N, and Co-C, catalytic active sites with N and C atoms,
respectively (Fig. 13b). Therefore, Co-N-GDY material is an
efficient and stable dual-functional catalyst for ORR and HER.
Furthermore, Si et al. also prepared ferrum-nitrogen co-doped
GDY (Fe-N-GDY).*** Similar to Co-N-GDY, the sites of Fe
and N in a GDY network are shown in Fig. 13c. Due to the strong
interaction between Fe and GDY, a relatively high Fe doping
amount (Fe content is 0.1% to 2%) can be obtained by using
a small amount of Fe precursors. By studying the ORR process
of GDY with different Fe doping contents, it was found that the
catalytic effect of Fe and N co-doping is better than that of GDY
with N doping and Fe doping alone. It was also found that the
best catalytic effect was achieved with 1.5% Fe doping (Fig. 13d).
Due to the synergistic effect of Fe and N, 1.5% Fe-N-GDY ob-
tained comparable catalytic activity with Pt/C in an alkaline
environment and better stability (Fig. 13e and f).

Moreover, Yin et al. prepared a Pd single-atom catalyst (Pds-
GDY) by using GDY as support in the semi-hydrogenation of
alkynes in 2020.* In the same year, Yu et al. utilized GDY to
anchor ruthenium atoms and exhibited high efficiency in water
splitting.™* DFT calculation indicates that GDY-supported
single iron (Fe) atom (Fe/GDY) can be utilized as a catalyst for
the electrocatalytic reduction of CO, (CO,ER).*** Also, GDY
embedded in Ni and Cu atoms acts as an efficient catalyst for
CO oxidation.'*®

This journal is © The Royal Society of Chemistry 2021

4. Conclusion and prospects

GDY possesses rich acetylenic bonds, unique pore structures,
which provide a huge platform for developing GDY on doping
and anchoring heteroatoms. The introduction of heteroatoms
into GDY is one of the important methods to change the elec-
tronic properties of GDY, providing great potential for the
application of GDY in catalysis, energy storage and other fields.
GDY has great prospects for applications in energy devices such
as lithium-ion batteries, sodium-ion batteries, and electro-
catalytic processes such as ORR, HER, and ECNRR in important
industrial reactions. However, more efforts should be taken in
this field, including the following:

Currently, it is still difficult to control the doping sites on
carbon materials, however, the determined doping sites are of
great significance for the study of the catalytic activity. At the
same time, the imprecise control of doping form has a great
influence on the structure of GDY, which may make it exhibit
different properties. In addition, the study of precise control of
the anchoring site and atom numbers of the metal element is
critical to study the performance and stability of atomic cata-
lysts. There are possible approaches to addressing these chal-
lenges including the synthesis of high-quality GDY, designation
of certain chemical reactions for the introduction of hetero-
atoms, and control of the deposition process of metallic atoms
in the triangle molecular pore of GDY. Besides, developing the
large-scale fabrication approach of GDY and reducing the cost
are also important. As a new carbon material, research on GDY
is still in a relatively primary stage, and researchers are actively
exploring the preparation method of low-cost high-quality GDY.
Yin et al. using microwave-induced non-catalysts in solid/liquid
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interfaces to provide a rapid and simple preparation approach
for GDY."” Yang et al. utilized zinc as a substrate to obtain
HsGDY with a mass of up to 0.5 g.**® We believe that with the
discovery of GDY's unique high catalytic activity, the gradual
marketization of GDY will greatly reduce the cost. At the same
time, we found that high catalytic activity, i.e., comparable to
that of noble metals, can be achieved by compositing GDY with
non-noble metals, which provides a new way to reduce catalytic
costs. Furthermore, the development of metal-free catalytic
materials is expected to further reduce costs.

Since the fabrication of GDY in 2010, more and more
scientists have invested in the research of GDY. The unique
acetylene-rich and porous structure of GDY provide unlimited
possibilities for precise chemical control. The introduction of
heteroatoms effectively regulates local electronic structures,
which makes us passionately believe that significant progress in
the energy field will be achieved through continuous attempts
with GDY.
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